On the tidal¯ats in the Wadden Sea mussels Mytilus edulis form extensive epibenthic beds. Near the island of Sylt (German Bight, North Sea), these extend from mid intertidal to shallow subtidal zones and are often heavily overgrown by barnacles (Semibalanus balanoides and Balanus crenatus). The effects of tidal emergence and barnacle epibionts on growth in M. edulis were investigated by ®eld experiments and surveys. The results showed that mussel cohort lengths increased from the mid intertidal (25±35 mm shell length) over low intertidal (30±45 mm) to the subtidal zone (45±60 mm). In the low intertidal zone M. edulis were heavily overgrown by barnacles (2.2^0.4 g dry weight mussel 21 ), while balanid epigrowth was signi®cantly lower subtidally (0.9^0.4 g mussel 21 ) as well as in the mid intertidal zone (0.7^0.3 g mussel 21 ). Cross-transplantation experiments of clean mussels (25±35 mm length) showed that from July to September growth was about 3 mm in the intertidal zone and signi®cantly increased to about 10 mm subtidally. Mussel origin had no in¯uence upon growth. Further ®eld experiments showed signi®cantly lower growth in mussels with barnacles than without. Living and experimentally sealed barnacles did not differ in their effect, indicating that food competition was not responsible. This investigation suggests that uctuations in the extent of barnacle epigrowth may modify growth patterns in M. edulis which are otherwise governed by tidal exposure. q
Introduction
Growth of benthic suspension feeders such as Mytilus edulis L. is in¯uenced by water temperature, salinity, current velocity and wave impact as well as food quality and quantity (e.g. Coulthard, 1929; Harger, 1970; Kennedy, 1976; Bayne and Worrall, 1980; Incze et al., 1980; Kautsky, 1982; Fre Âchette and Bourget, 1985a; Wildish and Kristmanson, 1985; Seed and Suchanek, 1992) . Mussel size and age are also important (Baird, 1966; Seed, 1968; Widdows et al., 1984) and at high mussel densities intraspeci®c competition for food may reduce growth rate in bivalves (Bertness and Grosholz, 1985; Wildish and Kristmanson, 1985; Okamura, 1986; Newell, 1990) . On tidal coasts, duration of air exposure is considered to be one of the most important factors for growth in mussels (Baird and Drinnan, 1957; Baird, 1966; Bertness and Grosholz, 1985; Faldborg et al., 1994; McGrorty et al., 1993; McGrorty, 1997) and may lead to considerable variations in size and shape between intertidal and subtidal M. edulis (Baird, 1966; Seed, 1968) . Epibionts have also been shown to in¯uence mussel growth. Dittmann and Robles (1991) , for example, observed decreasing length increment in mussels overgrown by algae, whilst experimental removal of epiphytes led to increasing growth rates. For a comprehensive understanding of size distributions in mussel beds, the analysis of interactions between major factors is important and was pursued in this study on growth of M. edulis in the Wadden Sea. On tidal¯ats near the island of Sylt, mussel beds extend from intertidal to adjacent subtidal zones within a few metres of horizontal distance and, therefore, present an excellent study site to compare and quantify the effects of tidal submergence on growth in M. edulis. Moreover, these mussel beds are commonly overgrown by barnacles (Albrecht, 1998; Buschbaum, 2000) among which Semibalanus balanoides L. dominates the intertidal zone while Balanus crenatus Bruguie Áre is primarily found at subtidal sites (Albrecht and Reise, 1994; Buhs and Reise, 1997) . During the investigation period of 1998 balanid cover was high; however, barnacle abundance and distribution may often show highly variable interannual¯uctuations (Southward, 1991; Bertness et al., 1992; Miron et al., 1995; Buschbaum, 2000) which presumably affect growth patterns in M. edulis in addition to tidal emergence.
This study tested whether mussel growth rates increased with submergence time by cross-transplanting mussels to intertidal and adjacent subtidal sites. We furthermore hypothesised that mussels with barnacle epibionts suffer from food competition since both species are ®lter feeders with overlapping spectra of food particle size down to 2 mm (Barnes, 1959; Mùhlenberg and Riisgard, 1977) . Thus, we expected reduced growth rates in fouled M. edulis. Subsequently, we checked for interacting effects and Fig. 1 . Tidal¯ats of Ko Ènigshafen with mussel beds (dotted). All experiments were carried out at a mussel bed located at the mouth of a tidal channel (X1). Mussels for experiments were collected near List harbour (X2).
quanti®ed the relative contributions of the two factors: tidal submergence and barnacle epigrowth. In surveys we compared size structures of mussel beds from different tidal levels and concurrently measured their overgrowth with S. balanoides and B. crenatus. Size differences between mussel cohorts were assumed to increase with increasing time of submergence whilst barnacle epigrowth was expected to modify growth patterns of M. edulis in the Wadden Sea.
Material and methods

Study area
Field surveys were performed at mussel beds located in Ko Ènigshafen, a sheltered tidal bay at the northern tip of the island of Sylt (North Sea, German Bight; 55802`N, 08826`E) (Fig. 1) . That area is protected from harsh westerly wind conditions by a sand dune system. Tidal waters enter the bay through a tidal channel in an east±west direction. Tides are semidiurnal and average tidal range is about 1.8 m. Average salinity is 30 psu and mean water temperature is 158C in summer and 48C in winter. A detailed description of the hydrography, geology, sediments and biota of the study area is given by Reise (1985) , G. , I. , Bayerl and Higelke (1994) and Reise et al. (1994) . Mussel beds comprise about 1% of the intertidal area of Ko Ènigshafen . The investigated beds of M. edulis are all located close to the low water tide mark and therefore represent both intertidal and subtidal areas within a few metres of horizontal distance. Mean exposure time of the low intertidal and mid intertidal mussel beds was between 1 and 3 h per tide, respectively. In this investigation subtidal habitats are referred to as areas remaining submerged at spring water low tides and comprise water depths of about 0.5±1 m at low tide.
Length frequency distribution of M. edulis
To obtain length distributions of M. edulis in intertidal and subtidal zones, samples were collected in the mid intertidal, low intertidal and in the subtidal zones using a strati®ed random sampling design. A total of 18 samples per tidal level were investigated. Sampling was carried out in September 1998, using a box corer of 500 cm 2 . The contents were washed through 1-mm meshes to collect all mussels except the smallest recruits. Mussels were counted and their length measured (maximum anterior±posterior axis) to the nearest 0.1 mm using vernier callipers and then grouped into 5-mm size classes.
Barnacle overgrowth
We quanti®ed barnacle overgrowth at the same investigation sites as for length frequency distribution of M. edulis. Six replicate samples were taken in September 1998, using a box corer of 315 cm 2 in mid intertidal, low intertidal as well as subtidally. Barnacle species composition of each mussel was recorded and barnacle coverage of each mussel shell surface was estimated to the nearest 25%. Then, barnacles attached to mussel shell surfaces were scratched off and dried at 758C for 3 days. Mussels per sample were counted and dry weight of balanids was determined to the nearest 0.01 g. Mean barnacle dry weight per mussel was calculated for each sample. Only M. edulis of .35 mm shell length were considered because balanids generally occurred from this size upward. This may be due to the ability of small M. edulis to clean their shells with their foot (Theisen, 1972) . 
Mussel growth experiments
Experiments on mussel growth were performed in the summer of 1998 and 1999 at location 1 (Fig. 1) . Clean and barnacle overgrown M. edulis were collected near List harbour where they occurred from the intertidal to the subtidal zone on an arti®cial hard substrate (boat slipway). At this site, small (25±35-mm-long) mussels were exceptional in being heavily overgrown with barnacles. This size class was used because length increments of larger specimens were expected to be too small to clearly demonstrate effects of tidal submergence and barnacle epibionts.
To test whether mussel origin and tidal level might affect growth in M. edulis, naturally clean mussels of intertidal and subtidal origin were transplanted to both low intertidal (mean exposure time 1 h) and subtidal (water depth of about 0.5 m at low tide) zones of a mussel bed.
To determine whether barnacle epibionts affect growth and how tidal level and epigrowth interact, intertidal mussels covered with barnacles (shell coverage $50%; Fig. 2 ) were also exposed in low intertidal and subtidal areas of the mussel bed. For each of the treatments, 60 replicates were exposed in pockets (one mussel per pocket) made of pvc-netting (10 £ 20 cm; mesh size of 10 mm) on 2 July 1998. These were ®xed with iron rods and resampled after 12 weeks. To prevent effects of intraspeci®c competition for food, the experimental set-ups of both tidal zones were ®xed at the edge of a tidal channel with a strong current (about 0.5 m s 21 at moderate wind conditions, Behrens et al. 1996) which may determine food availability for suspension feeders (Fre Âchette and Bourget, 1985a) . In addition, subtidal mussels were ®xed just below the intertidal mussels in close horizontal distance of about 15 m. Eventually, the pockets were ®xed onto the top mussel layer to prevent food limitation due to a stagnant boundary layer (Fre Âchette and Bourget, 1985b) . Individual lengths were recorded at the beginning and at the end of the experiment to the nearest 0.1 mm and length increment was calculated.
In the summer of 1999 an experiment was conducted to test whether the barnacle epibionts were responsible for a decreased growth in overgrown M. edulis. Again, mussels were taken from near List harbour. This experiment compared growth of (1) mussels collected with shells free of barnacles and (2) mussels with $50% coverage but cleaned from their barnacle epigrowth. A second experiment tested for food competition between M. edulis and their barnacle overgrowth. We used (1) mussels with natural barnacle epigrowth of at least 50% coverage and (2) mussels with barnacle valves sealed with seawater-resistant wax, which prevented balanid feeding activity but kept barnacle cones in place. Both experiments were performed on the low intertidal part of the mussel bed on 15 July 1999 and lasted for 12 weeks as described above. The number of replicates for each treatment was 32. The length of each mussel was recorded at the beginning and at the end of the experiments (see above).
Statistical analysis
Results are presented as arithmetic means with standard deviation (x^SD). Mussel growth increments were calculated as ®nal mussel shell length minus initial mussel shell length. We did not correct growth rates for initial size differences (Kaufmann, 1981) because all tested growth models (Bertalanffy, Gompertz, power) showed a poor ®t. In addition, all mussels used for growth experiments were within the same initial size range and showed no statistical size differences. Growth experiments were subjected to analysis of variance (ANOVA). Different levels within a signi®cant experimental factor were analysed using Tukey's Honest-Signi®cant-Difference (HSD) multiple comparison test. The relative magnitude of ®xed factors was calculated according to Howell (1997) . We applied the following formula:
k number of treatments, SS sum of squares, MS mean squares Cochran's test was used to test for homoscedasticity of variances and data of dependent variables were transformed (log (x 1 1)) when variances were heterogeneous. In two cases (mussel growth rate comparisons between intertidal and subtidal; effects of barnacle epibionts on mussel growth in the intertidal and the subtidal) variances remained heterogeneous despite transformation. Those data were tested for normality using the Kolmogorov±Smirnoff test. In both cases transformed data were normally distributed. Additionally, differences in mean values were much higher than differences in variances indicating that the in¯uence of differences in variances on differences in mean values was negligible (Hennig, pers. comm., 2000) . Therefore, ANOVA was applied in these two experiments despite heterogeneity of variances. Effects were considered to be statistically signi®cant if the P-value was ,0.05 and the Bonferroni-procedure was applied at multiple comparisons of data. Mortality rates in growth experiments were analysed by chi-square tests (2 £ 2 frequency tables).
Results
Length frequency distribution of M. edulis in intertidal and subtidal beds
Mussel size structure and density differed between intertidal and subtidal sites (Fig. 3) . In the subtidal, most individuals ranged from 45 to 60 mm (1996 cohort) in length. A minor peak occurred between 10 and 15 mm (1997 cohort). In the mid and low intertidal, the size-frequency distribution was distinctly bimodal. In the mid intertidal, maximum numbers were 10±15 mm (1997 cohort) and 25±35 mm (1996 cohort) and mussel length did not exceed 60 mm. In the low intertidal, peaks were at 10±15 mm (1997 cohort) and 30±45 mm (1996 cohort), while mussels achieved about the same maximum length as subtidal specimens. Mussel size classes that were dominant at subtidal sites (45±60 mm) were under-represented at both intertidal sites. Density of M. edulis was two times higher in the intertidal (4156^642 m 22 in the mid intertidal and 4089^1257 m 22 in the low intertidal) than in the subtidal (2104^1130 m 22 ) (one-way ANOVA, F 15.866, df 2, P , 0.0001; followed by Tukey's test, P , 0.01). Mussel density did not signi®cantly differ between mid and low intertidal sites (Tukey's test, P 0.992).
Extent of barnacle overgrowth
In the low intertidal dry weight of barnacle overgrowth per mussel (2.18^0.40 g) was signi®cantly higher than in both the mid intertidal (0.72^0.30 g mussel
21
) and the subtidal zone (0.90^0.36 g mussel 21 ) (one-way ANOVA, F 30.280, df 2, P , 0.0001; followed by Tukey's test, P , 0.001) (Fig. 4) . The extent of barnacle epigrowth was not signi®cantly different in the higher intertidal and the subtidal zones (Tukey's test, P 0.667).
Correspondingly, barnacle percentage cover was strongest in low intertidal zones where 58% of the mussels had no or few barnacles, 29% were covered half, 8% reached up to three-quarters cover and 5% of mussel shells were totally covered. In mussels of the shallow subtidal and high intertidal zones, 82% had Fig. 3 . Length frequency distribution of M. edulis at mid and low intertidal and shallow subtidal beds. Peaks of maximum numbers refer to strong mussel recruitment in 1996. Subtidal mussel beds showed a higher proportion of larger mussels but density was higher in the intertidal zone (each point represents the mean of 18 replicates). . Overgrowth of barnacles was highest on mussels in the low intertidal zone.
no or little barnacle overgrowth, 12% were half covered or more, and no mussels were totally covered. Barnacle species composition showed a tidal zonation. In the mid intertidal zone only S. balanoides occurred whilst in the subtidal zone B. crenatus was almost exclusively found on M. edulis. In low intertidal sites S. balanoides was dominant and present on all barnacle-overgrown mussels, whereas B. crenatus was found on 10% of mussels with barnacles. All balanids had a shell diameter of $5 mm and were .4 months old. They originated from barnacle recruitment in the spring of 1998 and previous years (pers. obs.).
Mussel growth experiments
Effects of tidal level and mussel origin
Tidal level signi®cantly affected mussel growth rate (two-way ANOVA, F 364.331, df 1, P , 0.0001) (Fig. 5) . Over the 12-week study period, intertidal M. edulis placed intertidally grew 3.3^1.8 mm. Length increment was signi®cantly lower than in intertidal mussels placed subtidally (10.1^3.1 mm). Mussel origin had no signi®cant effect on mussel growth (two-way ANOVA, F 0.973, df 1, P 0.325). Growth of intertidal mussels placed intertidally did not signi®cantly differ from that of subtidal transplants to the intertidal (3.0^1.6 mm). Neither was growth of subtidal mussels in the subtidal (9.6^3.1 mm) signi®cantly different from that of intertidal transplants to the subtidal zone (see above). There were no signi®cant interactions between location and origin (two-way ANOVA, F 0.019, df 1, P 0.891). Mortality was signi®cantly higher intertidally (chi-square, P , 0.01; data of intertidal and subtidal origin pooled) whilst mussel origin had no in¯uence on mortality (chi-square, P 0.655; data of intertidal and subtidal location pooled).
Effects of barnacle epibionts
In 1998, barnacle epibionts signi®cantly decreased growth in M. edulis (two-way ANOVA, F 56.365, df 1, P , 0.0001) (Fig. 6 ). In the intertidal zone clean mussels (see above, data from previous experiment) grew twice as much as fouled specimens (3.3^1.8 and 1.5^1.2 mm, respectively). Subtidally, clean mussels attained a length increment of 10.1^3.1 mm (see above) compared to 6.7^4.4 mm in barnacle-covered conspeci®cs. As in previous experiments, tidal level signi®cantly in¯uenced mussel growth (two-way ANOVA, F 194.438, df 1, P , 0.0001). There were no signi®cant interactions between barnacle overgrowth and tidal level on mussel growth rate (two-way ANOVA, F 0.006, df 1, P 0.938). Again, mortality was higher in the intertidal. No signi®cant differences in mortality rate between clean and fouled . Growth of M. edulis (initial length of 25±35 mm) in the intertidal and subtidal zones (cross-transplantation of 4 £ 60 mussels) (means of n replicates^SD; n number of mussels alive at the end of the experiment) from July to September 1998. Mussel length increment in the intertidal was signi®cantly lower compared to transplants to the subtidal. Mussel origin had no significant in¯uence on growth. 0 5 10 15 clean mussels fouled mussels clean mussels fouled mussels mussel length increment (mm) n = 52 intertidal subtidal n = 51 n = 58 n = 56 Fig. 6 . Effects of barnacle epibionts on growth of M. edulis. Balanids signi®cantly reduced mussel length increment in both intertidal and subtidal zones (means of n replicates^SD; n number of mussels alive at the end of the experiments). mussels were detectable (chi-square, P 0.512; data of intertidal and subtidal location pooled). The analysis of the relative magnitude of the two major factors affecting mussel growth revealed that tidal level (v 2 0.42) was 3.5 times higher than barnacle epibionts (v 2 0.12) in the experiments in 1998.
In 1999, growth increment of mussels in which balanids were removed by hand (4.3^1.8 mm) was not signi®cantly different from mussels with naturally clean shell surfaces (5.0^2.3 mm) (one-way ANOVA, F 1.092, df 1, P 0.304). This indicates that restricted growth in fouled mussels was actually due to barnacle epibionts. Growth of mussels with living barnacle overgrowth was 3.0^1.6 mm and did not in the low intertidal signi®cantly differ from mussels with glued barnacle epibionts (3.4^1.0 mm) (one-way ANOVA, F 0.659, df 1, P 0.424). Therefore, competition for food between mussels and balanids was not responsible for the decreased growth in barnacleovergrown M. edulis.
Discussion
The results of this study indicate that the growth rate of M. edulis in the Wadden Sea is dominated by tidal level, i.e. it substantially increases with time of submergence. The length increment of M. edulis placed subtidally was approximately three times higher than in the intertidal zone. Furthermore, mussel cohort lengths increased from intertidal to subtidal sites. A reduction in mussel growth rate with decreasing submergence time was also found at many other tidal coasts. The availability of food is controlled by immersion time, which in turn is a direct function of tidal height (Baird and Drinnan, 1957; Baird, 1966; Seed, 1968; Suchanek, 1978; Bertness and Grosholz, 1985) . Therefore, the longer time for feeding is considered to be the main reason for faster growth in the subtidal. However, an average duration of low intertidal emergence (2 h day 21 ) decreased feeding time by about 10% but lowered growth by about 70% in this investigation. Thus, additional costs of intertidal life have to be considered. Widdows and Shick (1985) showed that M. edulis is largely anaerobic during tidal exposure when large¯uctuations in temperature, salinity and oxygen availability can induce a switch from an aerobic to an anaerobic type of energy metabolism (De Zwaan and Wijsman, 1976; De Zwaan, 1977) . During anaerobiosis there is an almost complete reduction in the rates of energetic processes such as digestion and growth (De Zwaan and Mathieu, 1992) . The ATP turnover is less than 4% of the resting aerobic rates (Widdows, 1987) . In addition, the restoration of normal physiological functioning following anaerobiosis may be a further component of the aerial exposure costs (De Zwaan and Mathieu, 1992) . Interestingly, Gillmor (1982) recorded little difference in growth rates between 0 and 20% air exposed mussels, and then a marked decline above 20%. However, this was tissue growth rather than shell length. Thus, subtidal mussels generally appear to grow rapidly due to the increase in shell length, but this may not be matched by the tissue growth. Consequently, the tissue growth may show less of a difference than the shell (Widdows, pers. comm., 2000) . Eventually, further demands may occur in summer when high temperatures may reduce growth in M. edulis (Almada-Villela et al., 1982) and even cause mortality from heat stress (Tsuchiya, 1983) . This might also explain the higher mortality in the intertidal zone as found in this study.
At our study site the density of intertidal M. edulis was two times higher than subtidally, which may result from higher recruitment in the intertidal and and a stronger predation pressure by large crabs (Carcinus maenas L.), ducks (Somateria mollissima L.) and star®sh (Asterias rubens L.) in the subtidal zone. Consequently, intraspeci®c competition for food may have been an additional reason for restricted intertidal mussel growth as suggested by Bertness and Grosholz (1985) , Okamura (1986) and Newell (1990) . However, comparisons of single and grouped M. edulis revealed no in¯uence of mussel density on growth at our study site (Saier and Buschbaum, in prep.) . Furthermore, no size and density differences were recorded between intertidal M. edulis located at the edges and the central part of the selected mussel bed (Buschbaum, unpubl. report) . Thus, competition for food between mussels is negligible in our comparison of the low intertidal and subtidal zone.
Within intertidal and subtidal mussel beds the genetic composition may vary, with certain strains showing an improved growth rate in speci®c environments. However, cross-transplantation experiments revealed no differences in growth between intertidal and subtidal M. edulis placed in either intertidal or subtidal zones. This indicates that the bivalves acclimatised fast to their new environment and suggests that shell length differences of both intertidal and subtidal M. edulis were determined by environmental rather than genotypic factors. Similar conclusions were reached by Coe (1946) , Widdows et al. (1984) and Kautsky et al. (1990) . In our experiment we used intertidal and subtidal specimens of the same size (25±35 mm shell length) but possibly of different age. Baird (1966) and Bertness and Grosholz (1985) showed that length increment in M. edulis decreased with increasing mussel age. We therefore expected restricted growth of mussels collected in the intertidal zone. However, identical growth rates in intertidal and subtidal mussels transplanted to one particular tidal zone indicate that the growth capacity of the chosen intertidal mussels was not in¯uenced. The age of M. edulis seems dif®cult to determine in relation to mussel size. According to Dankers and Zuidema (1995) small mussels (,40 mm) grow at almost the same rate in intertidal and subtidal areas and in growth rate comparisons initial lengths of M. edulis seem to be of major concern. We found that 1-year-old mussels (1997 cohort) had the same growth rates in mid and low intertidal and subtidal mussel beds, but in their second year (1996 cohort) growth in M. edulis was reduced with increasing emergence time. Thus, tidal emergence predominantly affects 2-year-old mussels and probably also older ones.
Furthermore, our study showed that barnacle epigrowth signi®cantly reduced growth in M. edulis. This ®nding disagrees with the results of Laihonen and Fuhrman (1986) in the Baltic Sea, where the in¯uence of a single barnacle per mussel was investigated. Decreased growth rates in overgrown mussels possibly be attributed to the following factors: Since both M. edulis and balanids are suspension feeders, competition for food may have occurred. However, in our experiments mussels with glued barnacles showed no difference in growth compared to mussels overgrown with living balanids. Thus, food competition cannot explain the decreased growth in overgrown mussels. Possibly, the structure of barnacle cones might change hydrodynamic conditions and lead to differences in microcurrents. Reduced growth rates were also found in Mytilus californianus (Conrad) overgrown by red algae (Dittmann and Robles, 1991) . Such epiphytes may screen out food particles and create a stagnant boundary layer of water from which food is readily depleated (Vogel, 1981; Paine and Suchanek, 1983) . Whether such an effect applies to barnacle overgrowth remains obscure. At our study site another important epibiont on intertidal mussel beds is the brown alga Fucus vesiculosus forma mytili (Nienburg) (Albrecht, 1998) . These algae negatively affected survival of mussels but effects on growth have not yet been investigated (Albrecht and Reise, 1994) . Witman and Suchanek (1984) showed that mussels overgrown with algae are more strongly attached to the substratum to prevent dislodgement due to higher¯ow forces. Because of this hydrodynamic stress, mussels with epibionts need to invest much energy in byssus thread production (Price, 1983; Okamura, 1986) . Such a drag-induced tradeoff effect by epibionts in conjunction with reduced growth was also reported from other epibenthic molluscs such as the periwinkle Littorina littorea (L.) (Wahl, 1996; and may also apply to the M. edulis±S. balanoides association.
We conclude that growth in M. edulis is substantially affected by submergence time and to a lesser extent by barnacle epibionts. However, it has to be taken into consideration that interannual¯uctuations in abundance and distribution of barnacles (Southward, 1991; Bertness et al., 1992; Miron et al., 1995) may lead to highly variable growth patterns in M. edulis. In 1998, barnacle cover was heavy on mussels at our low intertidal sites, which harbour most of the M. edulis population . In such a case, barnacle epibionts may affect the entire M. edulis population of an area by limiting growth, increasing mortality and potentially restricting reproductive output as suggested by Dittman and Robles (1991) .
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